nonprogressive may be difficult to interpret. Progressive sclerosis found adjacent to the lucent line, with changes in the bony trabecular pattern, indicates an area of active bone remodeling, according to Wolff s Law. These findings will probably indicate clinically significant loosening, because they are indicative of continued bone stress.
The etiology of loosening is multifactorial. The young, active, or obese patient may be more susceptible to loosening due to increased stresses on the bone-cement interface. Biologic factors, e.g., ligamentous restraints and contractures, influence the amount of stress sustained at the bone-cement interface and, often, are beyond the surgeon's control. Infection must always be suspected in the presence of prosthetic loosening, especially if the loosening is gross and the knee has undergone previous surgery.
There are several important technical reasons for failure of revision. Restoration of proper axial alignment to ensure even stress distribution across the joint is essential.* If axial alignment is not restored, overload of one compartment of the joint will occur and may lead to failure. Proper component orientation is of critical importance. A knee with proper axial alignment but a tilted joint line from incorrect component positioning will also lead to component deformation and frequent failure. Attention must be paid to soft tissue balance and to reconstruction of quadriceps balance, especially in the presence of chronic ligamentous instability or significant fixed deformity prior to operation. Meticulous bone surface preparation to allow maximal prosthetic contact as well as excellent cement technique to penetrate the sclerotic bone that is often present, are mandatory. No stress risers should remain in the cortex. A wide variety of prosthetic devices are available, and prosthetic selection should be on an individual basis, with the use of the least constrained prosthesis possible. Finally, excess cement and bone fragments that may result in impingement against the prosthesis or bone must be removed.
PREOPERATIVE EVALUATION
The most important concept in preoperative evaluation of the failed total knee arthroplasty is identification of the reasons for failure. Although this concept may be simplistic, it is paramount not to repeat the same errors that resulted in the initial failure. Infection must always be suspected. An elevated erythrocyte sedimentation rate and pain may be the only clues. Aspiration of the knee for culture is useful when positive, but a negative culture does not exclude infection. Arthrograms, differential bone scanning, and fluoroscopic evaluation may be useful in some cases. Intraoperative histologic examination has proven to be the most accurate method at this clinic.
Several technical considerations are important in preoperative planning. The amount of bone stock remaining after the previous arthroplasty may influence the selection of the revision prosthesis. Bone stock is frequently deficient, especially distally and posteriorly on the femur and on the proximal tibia. Revision using a thicker tibia1 component may be helpful in obtaining stability in extension, although instability in flexion may persist. This problem of femoral bone loss illustrates some of the deficiencies in current revision prosthetic design. Femoral components with extra distal and posterior thickness to allow restoration of stability with maintenance of the normal center of rotation are needed. The least constrained prosthesis available should be chosen. A va-riety of prostheses are available with central pegs and intramedullary stems, which provide improved stability in the presence of deficient bone and soft tissue restraints.
Soft tissues must be carefully studied prior to operation, inasmuch as quadriceps function is essential for a successful result. Ligamentous instability may necessitate a more constrained implant. Inelastic scar tissue needs to be excised to allow proper soft tissue gliding and to eliminate unwanted soft tissue hinging. Placement of the surgical incision must consider previous incisions to prevent problems in wound healing. The overall axial alignment of the limb, as well as proximal and distal joints, should be checked for evidence of deformity. The proper mechanical axis of the limb must be obtained. Hip ankylosis may result in increased stress on the knee arthroplasty and need correction prior to knee surgery. The position of the patella, the amount of patellar bone present, and patellar tracking should be studied. Quadriceps realignment and patellar resurfacing at the time of operation should be considered.
TECHNIQUE
The aims of revision surgery are to obtain a painless, mobile knee with satisfactory stability. Revision surgery encounters three special problems: bone loss, previous bone-cement interface with resultant sclerosis, and soft tissue scarring. Full knee mobility can best be obtained by careful excision of all previously scarred tissue. Capsular releases may be necessary, including the posterior capsule and the posterior cruciate ligament. Proper soft tissue balance and mobility must be achieved at the time of trial reduction, with the quadriceps tendon and patella reduced and lying anteriorly.
Bone loss and stress risers are particularly difficult problems. The goals are proper component seating on as large an area of bone as possible and use of the least constrained prosthesis possible. Intramedullary stem prostheses, e.g., the Total Condylar I11 and Kinematic Rotating Hinge, may allow some increased stability in the presence of poor metaphyseal bone. The authors try to avoid using a constrained hinge prosthesis. The use of a thick tibia1 component to compensate for bone loss is helpful. It is hoped that newer revision femoral components will become available with a distal and posterior buildup to compensate for femoral bone loss. This will place the axis of the joint in a more anatomic location relative to the muscular systems. Cement technique is important. Removal of all loose cement and any interposed fibrous membrane between bone and cement is of key importance. Overly vigorous removal of secure cement may be counterproductive, as the only remaining bone stock may be removed as well. High-speed cutting instruments may be helpful in removing intramedullary cement when present. Cleaning of the cancellous bone with a pressurized water device, e.g., a water pick, aids in the removal of blood and debris, thereby providing a better bone-cement interface. Pressurizing the cement while it is less viscous allows better penetration into the cancellous bone and a more secure interface. If the bone is sclerotic, small drill holes improve the cement penetration.
Clinical Orthopaedics and Related Research
Wound closure is important. Balancing of the quadriceps mechanism to allow proper patellar tracking and careful reattachment of the vastus medialis are of key importance. Careful handling of the skin edges and the elimination of dead space will minimize the risk of infection and allow primary wound healing.
The postoperative regimen is similar to that of the initial arthroplasty but with a few exceptions. Swelling is often more severe and may require more prolonged elevation and immobilization prior to the beginning of physical therapy. Often a period of seven days will suffice. It is essential to ensure primary wound healing, even at the expense of delaying motion. Transcutaneous nerve stimulation may be helpful in controlling pain and in allowing improved function at physical therapy. Prolonged protection with the use of ambulatory aids and, occasionally, a brace for three months are frequently required to allow soft tissue healing and muscle reconditioning.
MATERIALS AND METHODS
The records of the Mayo Clinic were reviewed during the period from 1970 to 1980, to evaluate the results of revision total knee arthroplasty.
Only patients undergoing major revision of at least one component were included. Reoperation for problems with wound healing, patellar subluxation, or other lesser procedures were excluded. A total of 5642 total knee arthroplasties were performed during this ten-year period. The current study encompasses results in the first 227 knees undergoing revision that were reviewed. The series includes some arthroplasties initially performed in other institutions and subsequently revised at the Mayo Clinic. For comparison, in the 5886 total knee arthroplasties performed during the period from 1970 to 1981, the reoperation rate was 14.07% and the infection rate, 1.39%.
There were 227 knees in 208 patients. The ages ranged from 20 to 83 years (mean, 62 years). Forty-four per cent were men, and 56% were women. Fifty-four per cent had bilateral total knee arthroplasties. Forty per cent had undergone previous knee surgery.
Included were 176 knees that underwent a single revision, 40 knees that underwent two revisions, and 11 knees that underwent three revisions. Nineteen patients underwent bilateral revision 
procedures. The initial prostheses and revision prostheses used are outlined in Tables 1 and 2. The initial prosthesis used was a geometric in 81 knees and a polycentric in 1 16. In the same period, 1761 polycentric and 635 geometric arthroplasties were performed at this institution. The mean interval from the initial arthroplasty to the first revision was 2.7 years, from the first to the second revision, 1.8 years, and from the second to the third revision, two years. The mean follow-up period from the initial arthroplasty was 5.5 years, and following the last revision, 2.3 years.
The reasons for revision cited by the attending surgeon are outlined in Table 3 . The most frequent reason for revision was loosening, usually of the tibia1 component. Some knees had more than one problem. It is difficult to separate some of these reasons, e.g., loosening, which may result in instability and abnormal axial alignment. The preoperative mean range of motion was -6" to 108". Following the initial arthroplasty, mean motion was from -4" to 98". Following a single revision, mean motion was from -1" to 101". Following two revisions, mean motion was from -7" to 92". Following three revisions, mean motion was from -2' to 100".
Prior to operation, 59% of the knees were in varus, 23% valgus, and 18% physiologic valgus (5"-lOo). Prior to the first revision, 60% were in varus, 17% excess valgus, and 23% physiologic valgus. Prior to the second revision, 54% were in varus, 24% excess valgus, and 22% physiologic valgus. Prior to the third revision, 57% were in varus and 43% in physiologic valgus. At followup, 43% were in varus, 8% excess valgus, and 49% in physiologic valgus. Mean values for axial alignment are presented in Table 4 .
Ligamentous instability of a moderate to severe degree was present prior to operation in 32% of knees, prior to the first revision in 19%, prior to the second revision in 40%, prior to the third revision in 57%, and at follow-up in 4%.
The results of revision surgery were assessed in terms of pain relief and range of motion. The result was satisfactory if the patient had no or mild pain, and flexion to 90". If the patient had more than mild pain or less than 90" of flexion, the result was considered unsatisfactory. Following a single revision procedure, 67% had a satisfactory result. Following two revisions, 75% had a satisfactory result. Following three revisions, 55% had a satisfactory result.
CASE REPORTS
Case 1. A 69-year-old woman with osteoarthritis ( Fig. 1A) was treated by performing a right polycentric total knee arthroplasty in 1976 (Fig.  1B) . She initially had a satisfactory result, but developed pain and loosening of the tibial component. This was revised to a total condylar prosthesis in 1978 (Fig. 1C) . Because of continued instability, this was revised to a kinematic rotating hinge one year later ( Figs. 1D and IE) . Unfortunately, she had problems with patellar subluxation, which required a lateral retinacular release approximately two months after her last revision. At follow-up one year after the final revision, she had motion from 0" to 100" of flexion, satisfactory stability, and adequate pain relief. Case 2. A 67-year-old woman with osteoarthritis ( Fig. 2A) underwent an upper tibial osteotomy in 1972 at another institution. She presented with severe continued pain. In January 1973, she had a geometric arthroplasty performed ( Figs. 2B and 2C ). Eight months after operation, she underwent revision of her arthroplasty with plication of the medial collateral ligament due to instability (Fig. 2D ). Fifteen months after revision, she returned with loosening of the prosthesis and instability ( Fig. 2E) and underwent revision to a Guepar hinge prosthesis. She initially did well but returned four years after her last procedure with a painful, loose Guepar prosthesis (Figs. 2F and 2G) . She underwent revision to a Tavernetti hinge arthroplasty (Figs. 2H and 21) . When last FIGS. 1A-1C. (A) Anteroposterior radiograph showing significant lateral compartment degenerative changes. (B) Anteroposterior radiograph obtained following polycentric total knee arthroplasty, showing significant residual valgus alignment and medial instability. (C) Anteroposterior radiograph obtained following total condylar arthroplasty. Note widening of the medial joint space, indicating residual medial instability.
FIGS. 1D and IE. (D)
Anteroposterior radiograph and (E) lateral radiographs showing kinematic rotating hinge following second revision. reviewed in July 198 1, eight years after the initial arthroplasty and two years after the last revision, she was asymptomatic and functioning well.
DISCUSSION
The results of revision total knee arthroplasty have been reported infrequently. Wertzburger and Bryan" reported 100 revisions, with two revisions necessary in 22. Lucent lines were frequently noted. The results in the present study were satisfactory in two-thirds and unsatisfactory in one-third of the revision procedures. It is interesting that the success of revision remains fairly constant regardless of the number of revisions, up to three procedures. The failure to restore physiologic axial alignment was prominent in this series. Mechanically, the abnormal stress distribution across the tibia1 plateau may have been important in contributing to component loosening and failure.* Indeed, loosening was the most frequent reason for revision. However, this series also reflects the authors' early experience with total knee arthroplasty. The majority of prostheses used were early types. Frequently, constrained hinges were used for salvage. However, the deficiencies with these prosthetic designs have become well recognized and hence, these devices are no longer used at this institution. The technique of arthroplasty has changed as well, and the importance of many variables, e.g., soft tissue balance, axial alignment, bone-cement interface, and newer prosthetic designs has been recognized. Hopefully, the failure rate and need for revision will decrease.
SUMMARY
The most frequent reasons for revision of total knee arthroplasty are loosening, instability, and abnormal axial alignment. Failure to obtain appropriate component orien- tation, axial alignment, and soft tissue balance predisposes the implants to loosening and failure. The use of minimally constrained prostheses and careful attention to the technique are essential. Revision surgery may be successful in approximately twothirds of the knees.
